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Abstract
A cytosolic sperm protein(s), referred to as the sperm factor (SF), is thought to induce intracellular calcium ([Ca2]i) oscillations during
fertilization in mammalian eggs. These oscillations, which are responsible for inducing complete egg activation, persist for several hours.
Nevertheless, whether a protracted release of SF is responsible for the duration of the oscillations is unknown. Using a combination of
intracytoplasmic sperm injection (ICSI), in vitro fertilization (IVF), sperm removal, reinjection of the withdrawn sperm, and [Ca2]i
monitoring, we determined that 30 min was necessary for establishing oscillations. Importantly, a significant portion of the Ca2 activity
became dissociated from the sperm within 15–60 min after entry, and by 120 min post-ICSI or IVF, sperm were unable to induce
oscillations. The initiation of oscillations coincided with exposure and solubilization of the perinuclear theca (PT), as evidenced by
transmission electron microscopy, although disassembly of the PT was not required for commencement of the [Ca2]i responses.
Remarkably, despite its complete release into the ooplasm, SF associated with nuclear structures at the time of pronuclear formation. Lastly,
release of SF was not affected by the cell cycle. We conclude that mouse sperm serves as a carrier for SF, which is rapidly and completely
solubilized to establish [Ca2]i oscillations.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Initiation of development in mammalian eggs is orches-
trated by transient oscillations of the intracellular concen-
tration of free calcium ([Ca2]i) that persist for several
hours following fertilization (for a review, see Miyazaki et
al., 1993). It is believed that fertilization-associated [Ca2]i
oscillations result from activation of a phospholipase C
isoform and hydrolysis of phosphatidylinositol 4,5-bisphos-
phate (PIP2) into inositol 1,4,5-trisphosphate (IP3). The gen-
eration of IP3 is thought to lead to Ca2 release by binding
to, and gating of, the IP3 receptors (IP3Rs) that are located
in the endoplasmic reticulum (ER), the Ca2 store of the
cell. Evidence for activation of this pathway is provided by
the findings that a monoclonal antibody against the IP3R
blocks fertilization-associated Ca2 release (Miyazaki et al.,
1992), and by downregulation of the IP3Rs, which progres-
sively occurs following fertilization and is associated with
production of IP3 (Brind et al., 2000; Jellerette et al., 2000).
However, the molecular nature of the stimulation responsi-
ble for activation of the phosphoinositide pathway has re-
mained elusive.
One hypothesis is that the sperm may trigger [Ca2]i
oscillations by delivering a soluble factor that is released
during fusion of sperm and egg membranes (for a review,
see Swann, 1996; Fissore et al., 2002). Evidence in support
of a soluble sperm factor (SF) was established in studies
demonstrating that fusion of sperm and egg membranes
precedes the initial rise in [Ca2]i by 1-5 min (Lawrence et
al., 1997; Jones et al., 1998). Furthermore, both intracyto-
plasmic sperm injection (ICSI) (Nakano et al., 1997) and
injection of cytosolic sperm extracts (Swann, 1990; Wu et
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al., 1998; Fissore et al., 1998) into mammalian eggs initiate
fertilization-like [Ca2]i oscillations that are capable of sup-
porting egg activation and embryonic development. It is
worth noting that the [Ca2]i oscillations initiated by the
sperm persist for several hours before ceasing at approxi-
mately the time of pronuclear formation (Jones et al., 1995;
Day et al., 2000), but whether or not the [Ca2]i oscillation-
inducing factor remains associated with the sperm during all
this time or, if alternatively, becomes partially or fully
solubilized into the ooplasm has not been elucidated.
Another uncharacterized feature of fertilization is the
location of SF within the sperm head, the region of the
sperm thought to harbor the factor, since an earlier report
had shown that injection of sperm heads, in contrast to tail
components, induced egg activation (Kuretake et al., 1996).
Although significant amounts of [Ca2]i oscillation-induc-
ing activity are easily releasable after disruption of the
sperm membranes (Swann, 1990; Wu et al., 1997), equally
important amounts of this activity are left associated with
the sperm nucleus and are consequently presumed to be
associated with the perinuclear material, the theca (PT),
which is not disrupted by these procedures (Kimura et al.,
1998; Perry et al., 1999). In support of this possibility, it
was shown that injection of sperm heads treated with Triton
X-100, a nonionic detergent that solubilizes the sperm
membranes but not the PT, initiated Ca2 release in mouse
eggs (Perry et al., 2000). Nonetheless, although SF is pre-
sumed to associate with the PT, the changes in the PT that
correspond with release of the factor, and whether or not its
complete disassembly is required for delivery of the factor
are not known.
In this study, we have examined the temporal dynamics
with which the sperm factor responsible for initiating
[Ca2]i oscillations is released during mouse fertilization.
Specifically, we investigated the time required to initiate
oscillations and whether the sperm must reside continuously
in the egg to sustain the oscillations. We then examined
whether the sperm’s Ca2-releasing activity is associated
with the PT, and whether disassembly of the PT is necessary
for release/dispersal of SF into the ooplasm. Finally, we
probed whether the stage of the cell cycle regulates the
release of the factor following sperm entry.
Materials and methods
Animals and gametes
B6D2F1 female mice between 6 and 12 weeks of age
were superovulated by sequential injections of 5 IU of eCG
(all chemicals from Sigma, St. Louis, MO, unless otherwise
specified) followed by injection of 5 IU of hCG, as previ-
ously described (Wu et al., 1998). Mouse sperm were ob-
tained from the cauda epididymis of 7- to 11-week-old
B6D2F1 males and collected into injection buffer (IB; 75
mM KCl and 20 mM Hepes, pH 7.0).
Frozen bull semen (kindly donated by Genex, Ithaca,
NY) was prepared according to the Percoll method. Sepa-
rated sperm were washed once in a Tyrode lactate (TL)–
Hepes buffer solution (Parrish et al., 1988) and resuspended
in IB. The sperm suspension was then sonicated for 30 s at
4°C (XL2020; Heat Systems, Farmingdale, NY) and sperm
heads resuspended 1 to 1 in 12% polyvinyl pyrrolidone
(PVP).
Collection and culture media and in vitro fertilization
(IVF)
Metaphase II (MII) eggs were collected from the ovi-
ducts of stimulated females 14 h following the injection of
hCG into TL–Hepes supplemented with 10% heat-treated
fetal calf serum (FCS; Gibco, Grand Island, NY) (Wu et al.,
1998). The cumulus cells were removed by exposure to
0.025% hyaluronidase for 3-5 min followed by washing in
TL–Hepes. Eggs and zygotes were cultured in 50-l drops
of potassium simplex optimized medium (KSOM; Specialty
Media, Phillisburg, NJ) under paraffin oil at 36.5°C in a
humidified atmosphere containing 7% CO2. For IVF, cauda
epididymal sperm were capacitated by using human tubal
fluid (HTF) medium for 1 h and used at a concentration of
2-3  105 motile sperm/ml (Quin et al., 1985).
ICSI, enucleation, and sperm head reinjection
ICSI was carried out as previously described (Kimura
and Yanagimachi, 1995; Fukami et al., 2001) using Narish-
ige manipulators under Nikon microscopes. All manipula-
tions were carried out in drops of flushing and holding
media (FHM; Specialty Media) under light mineral oil. For
ICSI, sperm were washed in IB and mixed 1–1 with 12%
PVP. When needed, the sperm’s DNA was labeled by in-
cubation with 3 g/ml Hoechst 33342 for 30 min at room
temperature (RT). Sperm were placed in a 5-l drop from
which a single sperm was aspirated tail first into a 10-m
blunt-ended pipette driven by a Piezo electric unit (Bur-
leigh, Rochester, NY). For mouse sperm, several Piezo
pulses were applied to separate the head from the tail, after
which the sperm head was delivered into the egg by further
application of Piezo pulses to penetrate the zona pellucida
and plasma membrane. Enucleation (term used here exclu-
sively to indicate removal of the sperm head) was carried
out by using the same pipette and Piezo-driven unit. Prior to
the procedure, eggs were placed in 5 g/ml cytochalasin B
(Kono et al., 1995) for 10–20 min to facilitate enucleation
and increase survival rates. To enucleate, the pipette was
brought near the Hoechst-stained sperm head, which was
identified by brief pulses of UV light, and the sperm head
was aspirated by using an IM-55-2 Narishige syringe. The
enucleated sperm head and surrounding cytoplasm were
brought out of the enucleating drop, and Piezo pulses were
applied to remove the surrounding cytoplasm. Following
washing in IB, sperm heads were reinjected into fresh MII
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eggs. In experiments in which the sperm was removed
following IVF, the fertilized eggs were exposed to 1 g/ml
Hoechst 33342 for 20 min at RT. Enucleation was as de-
scribed, although the aspirated sperm contained an intact tail
that was separated prior to injection into a new egg.
In those experiments in which in vitro development of
enucleated eggs was evaluated, the fertilized spermless eggs
were kept in the presence of 5 g/ml cytochalasin B for 4 h
to block extrusion of the second polar body and in this
manner maintain a 2n chromosomal complement.
[Ca2]i monitoring
[Ca2]i monitoring of Fura-2 acetoxymethylester (AM)-
loaded eggs (1 M; Molecular Probes) supplemented with
0.02% Pluronic Acid at RT for 20 min was carried out as
previously described (Gordo et al., 2002). In brief, [Ca2]i
values were monitored by using a Nikon microscope fitted
for fluorescence measurements. Several eggs were moni-
tored simultaneously by using the software Image 1/FL
(Universal Imaging, Downington, PA), and images were
acquired by using an SIT camera (Dage-MTI, MI City, IN)
attached to an amplifier (Video Scope International Ltd.,
Sterling, VA). Fluorescence ratios were obtained every 20 s,
and values were reported as the ratios of 340/380 nm fluo-
rescence.
Electron microscopy
Changes in the sperm’s PT were monitored by transmis-
sion electron microscopy (TEM) at 15, 30, 60, and 120 min
post-ICSI in mouse eggs. TEM was performed as described
earlier (Wu et al., 1998; Abbott et al., 2001). In brief,
fertilized eggs were fixed with 2% glutaraldehyde and 4%
paraformaldehyde in 0.05 M sodium cacodylate buffer (pH
7.2) for 2 h. Fixed eggs were washed in cacodylate buffer
and then postfixed with 1% OsO4 and 0.8% potassium
ferricyanide for 60 min. Dehydration was carried out by
processing eggs through increasing concentrations of etha-
nol. Eggs were then embedded in epoxy resin and polymer-
ized at 70°C. Eggs were sectioned by using a Reichut-Jung
Ultracut E ultramicrotone, and thin sections were double
stained with uranyl acetate and lead citrate. Sections were
examined under a Philips CM10 transmission electron mi-
croscope at an accelerating voltage of 80 kV. For each
treatment, at least three eggs were evaluated.
Statistical procedures
Comparisons of [Ca2]i responses between treatments
and time of enucleation were carried out by using Two-Way
Analysis of Variance (ANOVA). Activation and develop-
mental rates between treatments were compared by using
Chi-Square analysis. All experiments were repeated at least
three times and a minimum of five eggs per treatment was
compared. Statistical comparisons were performed by using
the JMP IN software program (SAS Institute Inc., Cary,
NC). Significance was set at P  0.05.
Results
Initiation of [Ca2]i oscillations and development in
fertilized spermless eggs
To determine whether or not the initiation of fertiliza-
tion-associated [Ca2]i responses relies on the continuous
presence of sperm, 30 min after ICSI, sperm were removed
and the [Ca2]i responses and in vitro development of
fertilized spermless eggs was examined. Removal of sperm
30 min post-ICSI did not impact the pattern or persistence
of [Ca2]i oscillations compared with fertilized unmanipu-
lated controls for 3 h during which oscillations were mon-
itored (Fig. 1A and B; P  0.05). What is more, fertilized
spermless eggs supported preimplantation development,
and after 5 days in culture, spermless eggs cleaved (17/18;
94%) and developed to the blastocyst stage (11/17; 61%)
with rates comparable to those observed in control zygotes
(16/16; 100%, and 10/16; 63%, respectively; P  0.05).
Temporal release of SF during fertilization
Having established that 30 min after sperm entry was
sufficient to trigger fertilization-like [Ca2]i oscillations, we
next investigated the temporal, and possible complete, re-
lease of SF during fertilization. Sperm were withdrawn from
eggs at 15, 30, and 60 min post-ICSI and the [Ca2]i
responses in these spermless eggs monitored. In addition,
and almost simultaneously, the recovered sperm heads were
reinjected into new MII eggs and the [Ca2]i responses,
activation rates, and cleavage to the two-cell stage induced
in these eggs were evaluated. Fertilized eggs enucleated 15
Fig. 1. The presence of the sperm is not required for the persistence of the
oscillations. [Ca2]i profile of a fertilized control mouse egg (A) and of an
egg in which the sperm was withdrawn 30 min post-ICSI (B). Eggs were
monitored for 2-3 h following ICSI.
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min post-ICSI were unable to mount persistent oscillations
(Fig. 2A and Table 1; P  0.05) and, consequently, only a
small number of these eggs cleaved to the two-cell stage
(Table 2). In contrast, reinjection of sperm heads recovered
at this time point exhibited maximal Ca2 activity, as evi-
denced by the ability to trigger fertilization-like oscillations
in new MII eggs (Fig. 2E and Table 1), and induced high
rates of cleavage to the two-cell stage (Table 2). As ob-
served for eggs enucleated at 30 min, removal of sperm 60
min after ICSI did not alter the pattern of [Ca2]i oscilla-
tions and, as expected, high cleavage rates were observed in
these eggs (Fig. 2C and Table 2). Importantly, although
reinjection of sperm heads recovered at 30 or 60 min post-
ICSI consistently triggered [Ca2]i oscillations, the initiated
[Ca2]i responses exhibited progressively longer intervals
(Fig. 2F and G and Table 1; P 0.05) and, as a result, fewer
zygotes cleaved to the two-cell stage (Table 2).
We next examined whether the sperm’s Ca2 -releasing
Fig. 2. Temporal release of SF following ICSI. [Ca2]i profiles of eggs from which the sperm was removed (A–D) or of new MII eggs injected with recovered
sperm heads (E–H) at 15, 30, 60, and 120 min post-ICSI. Control ICSI fertilized eggs were monitored in parallel (I–L). [Ca2]i responses were monitored
for 2-3 h.
Table 1
Characterization of [Ca2]i responses in fertilized spermless (enucleated) eggs and in eggs injected with sperm recovered after residence in mouse eggs
Time after
ICSI
Treatment No. eggs
examined
% Eggs with
2 rises
No. Ca2 a rises
for 1st h
Intervalsb
(min)
15 min Enucleated 12 33.3 0.8 0.3c 43.6  9.6c
Reinjection 5 100 4.6 0.8 16.3  2.9
Control 7 100 6.0 0.9 12.3  1.9
30 min Enucleated 13 92.3 3.1 0.4 25.5  4.5
Reinjection 7 100 4.9 1.7 35.5  9.9c
Control 10 100 4.0 0.9 21.2  3.5
60 min Enucleated 11 100 4.5 0.6 17.7  2.8
Reinjection 6 100 1.8 0.8c 45.1  5.9c
Control 7 100 4.3 1.7 19.2  3.6
120 min Reinjection 8 0 1.0 0.0
Control 6 83.3 0.83 0.2 54.7  5.2
a Mean  SEM of number of [Ca2]i rises during the first hour of sperm injection.
b Mean  SEM of intervals between [Ca2]i rises during the first hour postinjection; all rises observed during the first 2 h of monitoring were used to
calculate this number.
c Values of treatments with a superscript are significantly different than controls within column and row (Time after ICSI) (P  0.05).
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activity becomes completely dissociated from the sperm
head. To accomplish this, sperm were withdrawn from eggs
120 min post-ICSI and reinjected into different MII eggs
(Fig. 2H). Reinjection of these sperm failed to trigger
[Ca2]i oscillations in all eggs examined (n  8) and, as
expected, none of them formed a pronucleus (PN) (Table 2).
It is worth noting that injection of comparable volumes of
cytoplasm from these eggs, which presumably contain all
the sperm’s SF, failed to initiate oscillations (data not
shown), demonstrating that, although the factor(s) is com-
pletely released, it is greatly diluted in the ooplasm.
To ascertain whether the temporal release of the factor
observed following ICSI was also apparent during natural
fertilization, we investigated the release of SF in IVF-gen-
erated zygotes. Because IVF is asynchronous and it is dif-
ficult to predict the timing of sperm entry, we enucleated
eggs at, or immediately after, extrusion of the second polar
body, which in our conditions occurs 2.0–2.5 h postpen-
etration. Removal of sperm did not affect the [Ca2]i re-
sponses in the enucleated eggs but, similar to eggs fertilized
by ICSI, reinjection of these sperm failed to trigger oscil-
lations in all six examined eggs (Fig. 3A–C).
Whether or not release of SF is specifically promoted by
egg factors, or occurs simply by diffusion following disso-
lution of the sperm membranes, is not known. To test this,
sperm heads were first sonicated with Triton X-100 (0.1%
Triton for 15 s at 4°C) followed by thorough washings in IB
and incubation in this buffer for 120 min, a time that was
sufficient for eggs to deplete the sperm’s Ca2 activity, and
then injected into MII eggs. Incubation of permeabilized
sperm heads in injection buffer did not affect the sperm’s
Ca2-releasing activity, and the treated sperm consistently
induced long-lasting oscillations (n  8; data not shown).
Thus, the release of SF does not occur simply by diffusion
and may require specific conditions that are readily avail-
able in the ooplasm.
Exposure of the sperm’s PT coincides with initiation of
[Ca2]i oscillations
To ascertain the probable location of SF within the sperm
head, we examined the morphological changes that occur in
the sperm early during fertilization and that accompany the
initiation of oscillations. Specifically, the status of the
sperm’s PT was examined by using TEM at 15, 30, 60, and
120 min post-ICSI. When observed 15 min after ICSI, the
sperm heads were highly condensed and both plasma and
acrosomal membranes were present, as was the PT (Fig. 4A
and B). In contrast, the plasma membrane was partially lost
and the acrosomal membranes appeared partially disinte-
grated 30 and 60 min after ICSI (Fig. 4C and D, E and F).
Importantly, at these time points, the PT material was ex-
posed, and in some cases partially lost, and the digested
material was visible in the surrounding cytoplasm. At 120
min postfertilization, the sperm heads were decondensed
and devoid of acrosomal membranes and PT (Fig. 4G and
H). Therefore, our results in conjunction with those of
others (Kimura et al., 1998, Perry et al., 1999) suggest an
association between exposure/loss of the PT and initiation
of oscillations at fertilization.
Fig. 3. Release of SF after IVF. [Ca2]i profiles of a control fertilized egg
(A), a spermless egg (B), and of an egg injected with a sperm head
recovered approximately 120 min after penetration (C).
Table 2
Activation and cleavage to the two-cell stage of fertilized spermless
(enucleated) eggs and eggs injected with recovered sperm heads
Time after
ICSI
Treatment No. eggs
examined
% Eggs
developed to
PN 2 cell
15 min Enucleated 12 58.3 33.3
Reinjection 5 100 80.0
Control 7 100 100
30 min Enucleated 13 100 92.3
Reinjection 7 100 86.0
Control 10 100 100
60 min Enucleated 11 100 91.0
Reinjection 6 100 33.3
Control 7 100 86.0
120 min Reinjection 8 0 0
Control 6 100 100
Note. Activation and development were monitored in the same eggs
subjected to [Ca2]i monitoring in Table 1. Eggs were considered activated
when they had one or two PNs 5–7 h post-ICSI. Cleavage to the two-cell
was evaluated 15–18 h post-ICSI.
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Fig. 4. Fate of the sperm’s PT following fertilization by ICSI. Electron micrographs of mouse sperm 15, 30, 60, and 120 min following ICSI. TEM in the left column
are magnified 15,000. Scale equivalent to 0.7 m. TEM in right column are magnified 100,000 (B, D, F) and 40,000 (H). Scale equivalent to 0.1 m (B, D,
F) and 0.25 m (H). (A, B) 15 min after ICSI the PT remains intact. (C–F) 30 and 60 min after ICSI, the sperm’s PT is exposed and is beginning to become
solubilized in the egg cytoplasm. (G, H) By 120 min postfertilization, the PT is completely lost and the sperm chromatin has decondensed. Arrows denote plasma
membrane. Arrowheads denote presence and absence of PT. Asterisk denotes electron-dense globules released from the nucleus (Usui, 1996). n; nucleus.
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Complete disassembly of the PT is not required for
initiation of [Ca2]i oscillations
Although SF may be associated with the PT, whether or
not the release of the factor relies on the disassembly of the
PT is not known and could not be ascertained in the previ-
ous experiment. Nonetheless, to address this question, bull
sperm heads were injected into mouse eggs; in mouse eggs,
bull sperm remain highly condensed and fail to form a PN
(our unpublished observations). In keeping with these ob-
servations, 30 and 120 min post-ICSI, bull sperm retained
the PT (Fig. 5A and B), but even under these conditions
they triggered persistent [Ca2]i oscillations (n  5; Fig.
6A). Moreover, bull sperm heads withdrawn 60 (n  7) and
120 (n  6) min after ICSI, which maintained nearly intact
PTs, showed negligible [Ca2]i oscillation activity when
injected into MII eggs (Fig. 6B–E). Together, these findings
suggest that SF is not a structural component of the PT, and
its release does not depend on the disassembly of the PT.
Reassociation of SF with the male PN
Our previous results show that SF is fully released from
the sperm into the ooplasm within 60 min of entry. Notably,
earlier studies, in what appears to be contradictory results,
have demonstrated that SF is associated with PN struc-
ture(s) (Kono et al., 1995). Therefore, if both findings are
correct, it could be predicted that the factor reassociates
with PN structures after spending several hours dispersed in
the ooplasm. To test this possibility, male PN removed from
zygotes 5-7 h post-ICSI were reinjected into MII eggs.
Injection of male pronuclei triggered [Ca2]i oscillations in
six of eight examined eggs, confirming the presumed asso-
ciation of SF with nuclear structures, whereas injection of
comparable volumes of ooplasm failed to elicit [Ca2]i
oscillations (Fig. 7).
The release of SF does not depend on the stage of the
cell cycle
Fertilization in mammals takes place in eggs arrested
at the MII stage, a stage that is characterized by high
levels of MPF and MAPK activity. To determine whether
or not these kinases are important in the release of SF,
mouse sperm heads were injected into fertilized PN stage
zygotes, which contain inherently low levels of these
kinases. After 30 and 120 min in the ooplasm, the sperm
heads were recovered and injected into MII eggs and the
resulting [Ca2]i responses were monitored. Reinjection
of sperm heads withdrawn after 30 min of residence in
PN stage zygotes initiated [Ca2]i oscillations (n  5),
although with increased intervals, which was similar to
the effect induced by incubation in MII eggs (Fig. 8A);
sperm recovered 120 min after ICSI were devoid of
activity (n  7; Fig. 8B).
Fig. 5. Bull sperm retains the PT following injection into mouse eggs. TEM of bull sperm injected into mouse eggs at 30 (A) and 120 min (B) after ICSI.
Magnification: 30,000; inset: 10,000. Arrows denote PT. Scale equivalent to 0.3 m.
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Discussion
In the present study, we have examined the mode of
release of the sperm factor responsible for inducing [Ca2]i
oscillations during fertilization. Our results in mouse eggs
show that: (1) continuous residence of sperm is not required
for the initiation of persistent [Ca2]i oscillations, (2) SF is
Fig. 6. Bull sperm looses the ability to initiate [Ca2]i oscillations after incubation in mouse eggs. Injection of a fresh bull sperm initiates persistent
oscillations in mouse eggs (A). However, removal of the sperm 60 min after ICSI followed by reinjection into a new egg results in near complete loss of
the ability to initiate oscillations (B, C). Sperm heads recovered after 120 min post-ICSI are devoid of activity (D, E).
Fig. 7. Injection of a male PN is able to initiate [Ca2]i oscillations. [Ca2]i
profiles of a MII egg injected with cytoplasm (A), or a male PN (B). The
injected PN was aspirated 5-7 h following ICSI.
Fig. 8. Removal of the sperm’s Ca2 releasing ability is not influenced by
the stage of the cell cycle. [Ca2]i profiles of mouse eggs injected with
mouse sperm incubated for 30 (A), or 120 min (B) in PN stage zygotes.
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released into the ooplasm between 15 and 60 min postsperm
entry and becomes reassociated with the male PN within
5–7 h, (3) initiation of oscillations coincides with exposure
of the sperm’s PT, and (4) release of the factor is not
dependent on the stage of the cell cycle. Therefore, we
propose a model whereby the sperm act as a carrier for SF
and from which release of appropriately targeted SF is
required for initiation of persistent [Ca2]i oscillations.
The mouse sperm is a carrier, not a reservoir, of SF
Release of the factor responsible for the initiation of
[Ca2]i oscillations during fertilization could be envisioned
to occur according to one of two models. The first model
postulates that the factor is rapidly, and completely, released
into the ooplasm. Two lines of evidence support this notion.
First, although initial [Ca2]i rises originate near the site of
sperm penetration, subsequent [Ca2]i waves reportedly
start away from the sperm head (Kline et al., 1999; Deguchi
et al., 2000). Second, fusion of cytoplasts from telophase II
fertilized zygotes to MII eggs results in signs of activation
in these eggs, suggesting that by this time part of the factor
is already scattered in the ooplasm, although the presence of
[Ca2]i responses was not assessed (Ogonuki et al., 2001).
The second model, based on the presumed coexistence of
soluble and insoluble SFs (Perry et al., 1999; Perry et al.,
2000; Sutovsky et al., 2002), envisions a protracted and
persistent release of the factor from the sperm for the first
4–5 h postfertilization. Our results show that the release of
SF occurs within the first 2 h of sperm entry, providing for
the first time evidence for a fast, and complete, release of
the factor from the sperm. This is especially so if we
consider that, in the presence of colcemid, fertilized mouse
eggs are capable of oscillating in excess of 20 h (Jones et al.,
1995; Day et al., 2000). Whether or not the kinetics ob-
served in this study extend to all other mammalian species,
especially those in which the oscillations are naturally
known to persist for more than 10 h, such as is the case of
bovine (Fissore et al., 1992) and porcine eggs (Sun et al.,
1992), is not known. Nonetheless, it is worth noting that in
human eggs removal of sperm within 30 min postentry did
not affect activation rates (Dozortzev et al., 1997), suggest-
ing that SF had been released by this time, although [Ca2]i
responses were not examined in these eggs.
The suggestion has been made that the soluble and in-
soluble sperm fractions contain different active molecules,
although exhaustive comparisons between these fractions
has not been carried out (Perry et al., 1999). Nonetheless,
the complete temporal release of SF described in this study
is unlikely to be modified by whether or not the active
molecule(s) is/are different in sperm fractions. It is possible,
however, that if more than one active molecule exists and if
they were released in a time-sensitive manner, the individ-
ual pattern of release would not be easily appreciated in the
studies performed here. In this regard, it is worth noting that
these fractions are envisaged to act in a sequential manner
with the soluble fraction being released rapidly after fertil-
ization and the insoluble fraction supporting the long-term
oscillations. Therefore, it could be predicted that if different
molecules are responsible for the oscillations, then the pa-
rameters of [Ca2]i rises may, at the very least, subtly
change between early vs. late rises or between rises induced
by a fresh sperm vs. those induced by sperm reinjected after
60 min residence in mouse eggs, which presumably are
devoid of soluble factor. Notably, we failed to observe
differences in the parameters of individual [Ca2]i rises,
although increased intervals between rises were noted, but
this is more likely to reflect differences in amounts of SF.
Our results also offer some tantalizing clues of how SF
might initiate oscillations. A possible mechanism is that
release of threshold amounts of activated factor (concentra-
tion required to induce a [Ca2]i rise) into the ooplasm,
working in an autocatalytic fashion and thereby acting like
a “switch,” triggers the initiation of long-lasting, consistent,
oscillations. If this were the mode of operation of SF, it
would be expected that the release of near threshold, but
different, amounts of activated factor would initiate oscil-
lations of similar frequency and duration in all eggs. Two of
our findings suggest otherwise. First, reinjection of sperm
withdrawn at progressively longer times postfertilization
initiate different [Ca2]i responses that are characterized by
increasing intervals and shorter duration, the latter deduced
from the lower activation rates observed in these eggs.
Second, even though one or two [Ca2]i rises are initiated in
eggs in which the sperm is withdrawn 15 min post-ICSI,
oscillations fail to materialize in these eggs. Thus, our
results are more consistent with the notion that SF “drives”
the oscillations, and that the dose of it impacts the frequency
and persistence of the responses. These findings extend
those of others who noted an association between dose and
frequency/persistence of oscillations using either injection
of soluble SF’s (Swann, 1990; Wu et al., 1997; Gordo et al.,
2000), or from fertilization studies that correlated frequency
of oscillations with number of penetrating sperm (Faure et
al., 1999).
Release of SF coincides with PT disassembly
Previous studies have suggested that SF is associated
with the PT (Kimura et al., 1998; Perry et al., 2000), and our
studies demonstrate a close relationship between the initia-
tion of persistent oscillations and exposure/disassembly of
the PT. These results, however, do not discriminate whether
the factor is a structural component of the theca or is merely
associated with it. Our additional studies reveal that com-
plete solubilization of the PT is not required for establish-
ment of responses because bull sperm are capable of initi-
ating oscillations in mouse eggs, despite the persistence of
the PT. Likewise, reinjection of bull sperm withdrawn 120
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min post ICSI, which contain a significant portion of the PT,
are unable to induce oscillations. Therefore, our results are
more consistent with the view that SF is anchored to the PT,
rather than being a structural component of it. Nevertheless,
a role for partial solubilization of the PT cannot be excluded
since the fate of individual PT proteins was not examined
(Sutovsky et al., 1997). Moreover, it is also possible that
bull sperm may function differently in cases of heterologous
fertilization.
Several mechanisms could participate in the release of
SF during fertilization, and prominently among them is
phosphorylation. Protein phosphorylation is largely impli-
cated in regulating protein–protein interactions, and MII
eggs contain high levels of MPF and MAPK, which are
responsible for solubilization of lamin B and chromatin
condensation (Peter et al., 1992; for a review, see Lohka,
1998). Importantly, evidence for a functional association
between kinases and [Ca2]i oscillations stems from the
findings that oscillations cease by the time the activity of
MPF and MAPK is downregulated (for a review, see Nixon
et al., 2000), and that oscillations are prolonged in the
presence of colcemid, which maintains high levels of these
kinases. Nonetheless, our results show that PN stage zy-
gotes, which contain low levels of these kinases, similarly
deplete the sperm’s Ca2-inducing activity, suggesting that
these kinases may not be involved in the release of the
factor. Nevertheless, other kinases that are not meiotic- (or
mitotic)-specific, such as protein kinase C (PKC) and cy-
clic-AMP dependent protein kinase (PKA) (Grieco et al.,
1996; Guixue et al., 2001; Lu et al., 2001; for a review, see
Jones, 1998) or phosphatases (Winston and Maro, 1999),
may regulate the release of the factor from the sperm.
A second mechanism that may favor the release of the
factor includes the reducing conditions prevalent in the
ooplasm. MII eggs contain high levels of glutathione, which
is implicated in disulfide bond reduction of the sperm nu-
cleus during fertilization (Perreault et al., 1988). What is
more, in vitro extraction of SF is reportedly facilitated by
addition of the reducing agent dithiothreitol (Perry et al.,
1999, 2000). However, depletion of the sperm’s Ca2 os-
cillation-inducing activity occurs equally well in both MII
eggs and PN stage zygotes, despite the fact that the levels of
glutathione are significantly reduced after fertilization (Cal-
vin et al., 1986; Perreault et al., 1988; Yoshida et al., 1993),
suggesting that release of SF may not be exclusively regu-
lated by the prevailing reducing conditions.
Proteolysis via an endogenous sperm endoprotease(s)
may also regulate release of SF during fertilization (Perry et
al., 2000). This possibility is supported by the observation
that exposure of sperm heads to serine protease inhibitors
prior to ICSI prevents egg activation (Perry et al., 2000).
Interestingly, soluble SF preparations contain abundant
amounts of protease inhibitors, including serine protease
inhibitors (Swann, 1990; Wu et al., 1997), suggesting that if
proteases play a role in mammalian fertilization they might
do so by affecting the release of the factor rather than the
activity of the active factor. It is worth noting that there are
several serine proteases in spermatozoa (Yamagata et al.,
1998; Honda et al., 2002), but their role in fertilization
remains to be established.
SF association with the PN
Despite its complete release into the ooplasm, the
sperm’s Ca2 oscillation-inducing active molecule(s) be-
comes associated with the PN/peri-PN area at the time of
PN formation (this study, and Kono et al., 1995). Although
the physiological significance of the SF’s dispersal into the
ooplasm, to find its substrate/target molecule(s), is readily
apparent, neither the functional significance nor the mech-
anism responsible for the association of SF with the PN is
understood. One possible interpretation is that this associa-
tion may serve to preserve the activity/function of the factor,
as suggested by the findings that injection of nearly physi-
ological amounts of soluble SFs, which do not effectively
associate to the PN, show shorter persistence of activity
(Gordo et al., 2002), revealing that a presently unknown
domain/partner protein may affect the function and cellular
distribution of SF. It is worth noting that, in a previous
study, injection of SF was shown to associate with the PN
(Kono et al., 1995), although the amounts of SF injected far
exceeded the amounts of SF likely to be delivered by a
single mouse sperm.
In summary, our results describe the temporal and com-
plete release of SF from the sperm, establishing a previously
unknown feature of mouse, and possibly of all mammalian,
fertilization. Future studies will be undertaken to character-
ize the egg factor(s) responsible for release of SF and, more
importantly, to identify the molecular nature of the factor.
Toward this end, a novel sperm-specific PLC has been
recently identified, PLC, which is capable of triggering
fertilization-like [Ca2]i oscillations and embryonic devel-
opment in eggs (Saunders et al., 2002). If PLC represents
the exclusive SF in mouse sperm, its timing of release and
localization should correspond to that described in this
manuscript.
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